Buck AKW, Elder CP, Donahue MJ, Damon BM. Matching of postcontraction perfusion to oxygen consumption across submaximal contraction intensities in exercising humans. J Appl Physiol 119: 280 -289, 2015. First published June 11, 2015 doi:10.1152/japplphysiol.01027.2014.-Studying the magnitude and kinetics of blood flow, oxygen extraction, and oxygen consumption at exercise onset and during the recovery from exercise can lead to insights into both the normal control of metabolism and blood flow and the disturbances to these processes in metabolic and cardiovascular diseases. The purpose of this study was to examine the on-and off-kinetics for oxygen delivery, extraction, and consumption as functions of submaximal contraction intensity. Eight healthy subjects performed four 1-min isometric dorsiflexion contractions, with two at 20% MVC and two at 40% MVC. During one contraction at each intensity, relative perfusion changes were measured by using arterial spin labeling, and the deoxyhemoglobin percentage (%HHb) was estimated using the spin-and gradient-echo sequence and a previously published empirical calibration. For the whole group, the mean perfusion did not increase during contraction. The %HHb increased from ϳ28 to 38% during contractions of each intensity, with kinetics well described by an exponential function and mean response times (MRTs) of 22.7 and 21.6 s for 20 and 40% MVC, respectively. Following contraction, perfusion increased ϳ2.5-fold. The %HHb, oxygen consumption, and perfusion returned to precontraction levels with MRTs of 27.5, 46.4, and 50.0 s, respectively (20% MVC), and 29.2, 75.3, and 86.0 s, respectively (40% MVC). These data demonstrate in human subjects the varied recovery rates of perfusion and oxygen consumption, along with the similar rates of %HHb recovery, across these exercise intensities.
THE OXYGEN DEMANDS OF EXERCISE are typically met by increases in both oxygen supply and extraction. During the transition from rest to exercise, the oxygen supply and extraction responses evolve along finite time courses that are often referred to as their on-kinetics. Following exercise, oxygen supply and extraction return toward their preexercise values, the time courses of which are often referred to as their off-kinetics. The on-kinetics of the blood flow and/or metabolic responses to contraction or whole body exercise have been investigated by using exercise models that include isolated myocytes (28) , individual muscle groups in situ (5, 23) and in vivo (38, 39, 48) , and the whole body (34, 43) . The off-kinetics likewise maintain high interest as means for determining the kinetic order of reaction for oxidative metabolism (31) , the regulation of oxygen supply with respect to oxygen demand (25, 27, 48) , and the microcirculatory and/or metabolic components of diseases such as diabetes, congestive heart failure, and others (3, 4) .
Magnetic resonance imaging (MRI) can quantify the spatial and temporal properties of oxygen delivery and extraction in the muscle microcirculation. Arterial spin labeling (ASL) (17, 63) can be used to estimate blood perfusion with three-dimensional sensitivity. In ASL, two types of images are obtained: one in which the signal intensity is sensitized to perfusion (the labeled image) and one in which the signal is not sensitized to perfusion (the control image). This alternating sequence of control and labeled images is obtained to study the perfusion responses to a physiological event. If experimental objectives indicate, a quantitative model (8, 30) can be applied to quantify perfusion (8, 30) . ASL has been used to study muscle perfusion in small animal (2) and human (18, 21, 51) exercise models and during the hyperemic response to arterial occlusion in humans (19, 24, 64) . The ASL sequence is available on commercial MR scanners and is used clinically for applications such as poststroke assessment of the brain. A pitfall in applying ASL to low blood flow systems is a low contrast-to-noise ratio; however, this can be improved by trading temporal or spatial resolution.
Other functional MRI methods, such as those based on blood oxygenation level-dependent (BOLD) contrast, have been used to infer changes to muscle microcirculatory function related to disease, aging, or exercise training (15, 41, 49, 56, 58 -60) . In muscle, the primary source of BOLD contrast is the deoxyhemoglobin percentage (%HHb) (35) . By measuring the fundamental determinants of the MR signal, such as the equilibrium signal intensity (S 0 ) and rates of permanent, effective, and radiofrequency-reversible signal loss (R 2 , R 2 *, and R 2 =, respectively), more specific physiological interpretation of BOLD phenomena is possible. For example, changes in R 2 = during exercise are strongly correlated with %HHb (18) , allowing the use of either an empirical calibration (18) or a theoretical model (66, 67) to estimate oxygen extraction from the blood. Recently, the spin-and gradient-echo (SAGE) MRI sequence (52, 53) was developed to allow S 0 , R 2 , R 2 *, and R 2 = to be estimated with ϳ2 s of temporal resolution. A recent study by Skinner et al. (55) included a muscle-specific evaluation and optimization of SAGE and demonstrated its utility in functional muscle MRI studies.
In this study, we used these noninvasive MR measurements to detect the metabolic and perfusion responses to sustained submaximal isometric contractions in the tibialis anterior (TA) muscle of healthy adults. In particular, we sought to determine contraction intensity-dependent differences in the on-and offkinetics of perfusion, oxygen extraction, and oxygen consumption. The findings support the conclusion that there is a strict matching of postcontraction perfusion to oxygen consumption across submaximal contraction intensities in humans, resulting in a constant rate of recovery of the blood oxyhemoglobin saturation following exercise.
MATERIALS AND METHODS
This study was approved by the Vanderbilt University Institutional Review Board. All subjects provided written, informed consent before participation. The sample included eight subjects (4 males) with a mean Ϯ SD age of 28 Ϯ 6 yr and body mass index of 22.6 Ϯ 2.4 kg/m 2 . In health screening questionnaires, the subjects indicated no current diagnoses of cardiovascular, endocrine, metabolic, neurological, or neuromuscular disease.
Isometric Contractions
All subjects lay supine with a foot strapped into an in-house-built, polycarbonate frame isometric exercise device. The device was attached to a grid plate on an exercise table (for out-of-magnet studies) or the patient bed of the imager (for in-magnet studies) using nonferromagnetic bolts. To eliminate the influence of hydrostatic effects on the circulation to the muscle of interest, the subject was positioned with the leg horizontal and the TA muscle approximately level with the heart. The foot was firmly strapped to the exercise device using two 3.8-cm-width nylon straps, with one placed across the foot proximal to the base of the fifth digit and a second placed across the leg immediately proximal to the medial malleolus. The ankle angle was 90°. To prevent occlusion of the popliteal artery, reduce lower back strain, and prevent hyperextension at the knee, each thigh was supported by a pad placed proximal to the knee joint. These positioning procedures were used for both in-magnet and out-of-magnet studies.
The isometric dorsiflexion device included a model SSM-AJ-500 load cell (Interface Force, Scottsdale, AZ) in line with a DMD-465WB bridge amplifier (Omega Engineering, Stamford, CT) and a National Instruments cDAQ-9174 w/module NI 9205 analog-to-digital converter (National Instruments, Austin, TX). These signals were input to a laptop computer via a USB connection. Custom data acquisition software written in LabVIEW 7.1 (National Instruments) was used to process data in real time. Force data were sampled at 200 Hz and zero-phase forward and reverse digitally filtered with a 10th-order, 25-Hz, low-pass Butterworth filter. These data were presented to the subject as real-time feedback to allow the subject to match the target force. Audio and visual signals were used to cue the onset and termination of contraction; verbal encouragement was provided during the contraction. During a 3-s preparation period prior to the contraction, the subjects were instructed to breathe in; they were reminded to continue breathing during the contraction. This was to prevent the large changes in blood pressure associated with a Valsalva maneuver.
The isometric dorsiflexion maximum voluntary contraction (MVC) force was measured during the practice session as the greater force during two consecutive contractions in which the forces were within 5% of each other. The MVC force was used to determine two submaximal contraction conditions: 20 and 40% of MVC. Subjects were trained to perform submaximal contractions at the target forces and to maintain each target force for a 1-min contraction. The subject's ability to maintain the prescribed force was monitored by study personnel during training and experimental sessions. The mean force during the contraction was measured and used to ensure similarity of contraction intensity in the ASL and SAGE MRI acquisitions.
MRI Data Acquisition
General. The subjects were imaged using a 3.0T Philips Achieva MR imager/spectrometer (Philips Healthcare, Best, The Netherlands) with an eight-channel sensitivity encoding (SENSE) knee coil (Philips Healthcare). The subject was positioned as described above. The dominant leg was positioned in the coil with the estimated maximum cross-sectional area of the TA located at the center of the coil.
After pilot images were acquired, anatomic images were acquired to verify location of the TA muscle and guide the definition of regions of interest (ROIs) for analysis. Anatomic imaging included an axial, T1-weighted image at the maximum cross-sectional area of the TA, as assessed by visual inspection of the pilot images. The following parameters were used: repetition time (TR)/echo time (TE) ϭ 500/ 18.6 ms; field of view (FOV) ϭ 180 ϫ 180 mm 2 ; slice thickness (ST) ϭ 7.6 mm; acquired and reconstructed matrix sizes ϭ 360 ϫ 360 and 384 ϫ 384, respectively; and no. of excitations (NEX) ϭ 3 (in some cases, NEX ϭ 2 due to time constraints).
SAGE and ASL data were acquired for both 20 and 40% MVC. The orders in which the functional MRI sequence data were acquired and in which the subjects performed the two contraction levels were varied randomly among subjects.
ASL. Single-slice ASL data were acquired according to the flowsensitive alternating inversion recovery (FAIR) sequence (29) . Prior to the study described here, the ASL scan parameters were optimized in healthy control volunteers, and labeling schemes, including pseudocontinuous and slice-selective pulsed methods, were systematically evaluated. The pulsed FAIR approach was selected owing to its insensitivity to transient periods of large changes in flow velocity or retrograde flow (which would not be efficiently labeled when using flow-driven inversion). ASL data were acquired at the same axial slice location as the SAGE data, with TR/TE ϭ 4,010 ms/15.2 ms; postlabel delay (PLD) ϭ 900 ms; FOV ϭ 180 ϫ 180 mm 2 ; ST ϭ 7.6 mm; acquired and reconstructed matrix sizes ϭ 80 ϫ 69 and 96 ϫ 96, respectively; and a saturation pulse (SPIR) on the lipid-methylene resonance. The temporal resolution was 8 s for each control-labeled image pair. For one subject, the signal intensity was insufficient for identifying muscle boundaries using a PLD of 900 ms, and so the data were acquired at PLD ϭ 1,000 ms. The ASL data were acquired over Ն6 min: 1 min of baseline, 1 min of submaximal contraction, and Ն4 min of recovery. In addition, an accompanying data set was acquired for each ASL acquisition to estimate the equilibrium magnetization (M0), in this case corresponding to the ASL scans. Imaging parameters included TR/TE ϭ 20,000 ms/15.2 ms; FOV ϭ 240ϫ240 mm 2 ; ST ϭ 7.6 mm; acquired and reconstructed matrix sizes ϭ 80 ϫ 69 and 96 ϫ 96, respectively; N EX ϭ 4; and SPIR fat signal suppression.
SAGE. Single-slice, single-shot, axial SAGE EPI images were acquired using TR ϭ 2,500 ms; five EPI echo trains with TE 1-5 ϭ [4.9, 14, 29, 38, 47] ms; SENSE ϭ 3; partial Fourier ϭ 0.60; acquired and reconstructed matrix sizes ϭ 80 ϫ 69 and 96 ϫ 96, respectively; single slice with ST ϭ 7.6 mm; and FOV ϭ 180 ϫ 180 mm 2 . Fat suppression was applied with 1) a spectrally selective adiabatic inversion recovery pulse with inversion time ϭ 200 ms and bandwidth ϭ 195 Hz centered on the lipid-methylene resonance and 2) an additional 18-ms Gaussian-windowed sinc saturation pulse centered on the lipidolefinic resonance. Data acquisition included 1 min during the precontraction period, 1 min during contraction, and 4 min of recovery.
MRI Data Analysis
General. Except where otherwise indicated, data were analyzed using MATLAB (The Mathworks, Natick, MA), with ROI analysis of the TA muscle. To account for subject motion associated with contraction and relaxation, separate ROIs were drawn for the precontraction, contraction, and postcontraction portions of the experiment. In SAGE data analysis, ROIs were specified in MATLAB; for ASL data analysis, ROIs were defined using itk-snap (65) .
ASL data. The mean ROI signal intensity was determined in each image. The mean perfusion-weighted signal intensity difference, S P, across the ROI was determined using
where SC and SL are the control and labeled images' signal intensities, respectively. SP was computed for each control/labeled pair. Individual control/labeled image pairs were excluded from analysis when the image pair failed to characterize a purely contracted or noncontracted state. In addition, the first full-image pair following the contraction was not included in the analysis to eliminate the influence of artifacts caused by through-plane movement of the muscle as it returned from the contracted state. It will be shown that in most subjects, S P did not detectably increase during contraction. Therefore, the primary analysis was limited to the postcontraction perfusion responses, which were normalized by the baseline perfusion signal, allowing discussion of a perfusion relative to baseline, Q rel, characterized with the peak value (Qrel,peak), time of peak response (tmax,post), and time for ½ recovery (t½,post). These data were calculated in the six subjects in whom a distinct postcontraction maximum occurred. It is likely that in the other two subjects the maxima were not observed because of the omission from analysis of the first postcontraction control/labeled image pair.
SAGE-derived data. As described previously by Schmiedeskamp and colleagues (52, 53) and Skinner et al. (55) , the SAGE signal data from the ROI were fitted to the SAGE signal model equations. This allowed estimation of R 2 and R2*; R2= was then determined as the difference between R2* and R2. The changes in S0, R2*, R2, and R2= values from their respective baseline values were calculated as functions of time. To account for subject-specific differences in receiver gain and other instrumental factors that influence signal, the S 0 estimates were normalized by dividing by the precontraction mean value. To correct for motion that occurred during the contraction, a separate baseline value was defined for each portion of the experiment (precontraction, contraction, or postcontraction). During the precontraction period, the differences in each parameter from the initial precontraction value were calculated; during the contraction period, differences from their first value after the onset of contraction were calculated; and for postcontraction, differences from the values at the last point in the data set were calculated.
To characterize the changes in S 0, R2*, R2, and R2=, the following values were determined: mean precontraction values (abbreviated S0Pre, R2Pre, etc.), the difference between the end-contraction value and the precontraction value (⌬S0Con, ⌬R2Con, etc.), and the largest (in magnitude) postcontraction change (⌬S0Max,Post, ⌬R2Post, etc.). In addition, the tmax,post and t1/2,post values were determined for each parameter.
To characterize the changes to %HHb during contraction, the ⌬R 2=data were used to estimate the %HHb, as described previously (18):
noting that the sign of the intercept is reported correctly in the present work. To study the responses during contraction, data were averaged for seven of the subjects (in the other subject, inappropriate curvefitting results were obtained). Then, data from the time range of 2.5-57.5 s were selected. This range was used to avoid potential artifacts related to muscle shortening and elongation at the beginning and end of the contraction. Using the MATLAB curve-fitting tool, these data were fitted to
where ⌬HHb Con is the amplitude of the %HHb change due to contraction, TDCon is the time delay prior to the increase in %HHb, kCon is an exponential rate constant reflecting the rate at which %HHb changes during contraction, and %HHbPre represents the precontraction value. To characterize the uncertainty of the parameter estimates, the 95% confidence intervals (CIs) were formed.
To characterize the rate of return of %HHb to baseline levels following contraction, the mean %HHb data beginning from 5 s postcontraction were selected. This time was used as the initial point to avoid the biasing effects of through-plane movement of the muscle as it returned from the contracted state. Using the MATLAB curve fitting tool, these data were fitted to %HHb ϭ ⌬HHb Post e Ϫ͑max͓0,͑tϪTD Post͔͒ ·k post͒ ϩ %HHb Rec (4) where ⌬HHbPost is the maximum value for %HHb following contraction, TDPost is the time delay prior to postcontraction decreases in %HHb, kPost is an exponential rate constant reflecting the rate at which R2= recovers following the contraction, and %HHbRec is the full recovery value for %HHb. The 95% CIs were estimated. Integrated analysis of postcontraction data. To compare the time courses for the postcontraction recoveries of S 0, Qrel, and %HHb, the S0 and %HHb data were linearly interpolated to intervals of 0.5 s. The interpolated S0 and %HHb values at the times matching the Qrel data points were compared with the Qrel values. To calculate the relative changes in the rate of oxygen consumption (V O2) following contraction, the interpolated %HHb data were divided by the final recovery value. These values were multiplied by the corresponding Q rel values to calculate the relative change in V O2. These data were fitted to a form of Eq. 4 modified to reflect postcontraction V O2 recovery.
Statistical Analyses
Descriptive data include means Ϯ SE. Statistical comparisons were made by using Student's t-test for independent means. Contraction intensity-dependent differences were tested using a one-tailed test, whereas other comparisons used a two-tailed test; P Յ 0.05 was considered significant. The within-day repeatability coefficients of the ASL and SAGE data were determined by using a Bland-Altman approach (6) to compare a single datum observed prior to the 20% MVC contraction with one from the 40% MVC contractions.
RESULTS

Isometric Contractions
The mean Ϯ SE of MVC force was 195.4 Ϯ 19.3 N. Table 1 provides the mean force during the submaximal contractions. For both 20 and 40% MVC contractions, the mean relative contraction intensities did not differ between the SAGE and ASL conditions.
Arterial Spin Labeling
Responses during contraction. Repeatability analysis of the precontraction data showed a mean of the pairwise difference (d ) of Ϫ0.005 and a coefficient of repeatability (CR) ϭ 0.297 (29.7% of the mean value). Figure 1 demonstrates the mean Q rel time course for 20 and 40% contractions for all subjects. The mean Ϯ SE of the Q rel values at the end of contraction were 1.11 Ϯ 0.14 and 1.02 Ϯ 0.06 for 20 and 40% MVC, respectively. The 95% CIs around these values included the precontraction value of 1.0, indicating that the mean perfusion level did not increase significantly during contraction.
Postcontraction responses. The Q rel increased after the contraction. Figure 1 shows the mean responses for all subjects, and Table 2 gives the mean and SE of Q rel for the subjects in whom a distinct postcontraction maximum occurred. The peak perfusion levels at 20 and 40% MVC did not differ significantly in these subjects (P ϭ 0.18; Table 2 ). However, there was an ϳ20% larger integrated postcontraction Q rel response following the 40% MVC contraction than for the 20% MVC contraction resulting primarily from the delayed t Max,Post and t 1/2,Post in the 40% MVC condition (Table 2) .
Relaxation Rate Constants and %HHb
Precontraction. Table 3 Responses during contraction. Figure 2 , A and B shows the changes in R 2 * and R 2 from the precontraction values as functions of time. After the contractions began, ⌬R 2 and ⌬R 2 * were positive (R 2 and R 2 * increased) but then recovered toward or, in some cases, became less than zero. The mean endcontractions ⌬R 2 and ⌬R 2 * are given in Table 3 and do not differ between the 20 and 40% MVC contractions (P ϭ 0.35 and 0.36 for ⌬R 2 and ⌬R 2 *). R 2 = increased in an essentially monotonic fashion until the end of the contraction (Fig. 2C) . Table 3 gives the mean end-contraction ⌬R 2 = values, which did not differ by contraction intensity (P ϭ 0.27). Figure 2D shows that S 0 decreased (20% MVC) or was essentially unchanged (40% MVC) at the onset of contraction and then increased progressively with contraction duration to the end-contraction values indicated in Table 3 . Figure 3B shows the mean fitted time courses for %HHb during 20 and 40% MVC contractions. The adjusted r 2 values were 0.99 for both contraction conditions. The 95% CIs surrounding the parameter estimates indicate no significant differences between the 20 vs. 40% MVC conditions.
Postcontraction responses. Figure 2 shows that R 2 , R 2 *, and S 0 underwent a multi-phasic recovery pattern, whereas ⌬R 2 = reached a peak value shortly after contraction and then recovered monotonically toward baseline. Table 3 provides the postcontraction amplitude and temporal characteristics for S 0 , R 2 , R 2 *, and ⌬R 2 =. The recovery of S 0 , R 2 , and R 2 * following 40% contractions required more time than following 20% MVC contractions, but the amplitude characteristics did not differ by contraction intensity (Table 3) . For ⌬R 2 =, there were no differences observed by contraction intensity for any of the parameters assessed (Table 3) . %HHb returned to its precontraction value in a manner well described in Eq. 4 (Fig. 3B) . The adjusted r 2 values were 0.94 and 0.96 for the post-20% and post-40% MVC data, respectively. The parameter estimates and their 95% CIs are given in Table 3 . The initial time delay differed significantly from zero in the post-40% MVC condition only. The %HHb Post , TD Post , and k Post values were all significantly greater for the post-40% MVC condition than for the post-20% MVC condition (Table 4) .
Integrated View of the Postcontraction Responses
A distinct postcontraction maximum in Q rel and appropriate SAGE curve-fitting results occurred only in a subset of subjects. Figure 4 , A-C, demonstrates a temporal dissociation between the %HHb and Q rel responses and between the %HHb and S 0 responses as well as the temporal similarity of the Q rel and S 0 responses. The relationships between the postcontraction ⌬R 2 = and Q rel responses and the postcontraction Q rel and Fig. 2 . Mean values of the change in permanent (⌬R2*; A), effective (⌬R2; B), and radio frequency-reversible (⌬R2=; C) signal loss and equilibrium signal intensity (S0; D) prior to, during, and after contraction (averaged for all subjects). The contraction period is indicated by the semitransparent gray bar. For clarity, error bars are not shown; however, representative values are given in Table 3 . S 0 responses further illustrate these points (Fig. 4, D and E) . . The rate constant reflecting the rate at which %HHb changes during contraction (kCon) values corresponds to time constants (Con ϵ 1/kCon) of 13.9 and 11.9 s for 20 and 40% MVC, respectively. The time constant postcontraction (Post) values are 58.9 and 45.5 s for 20 and 40% MVC, respectively. For each parameter estimate, the 95% confidence interval is given in parentheses. TD represents time delay prior to %HHb increase. (Table 5) .
DISCUSSION
We have used two physiological MRI sequences to measure the on-and off-kinetics for blood perfusion, oxygen extraction, and oxygen consumption during and following submaximal isometric contractions. The data support the conclusion that across the contraction intensities examined, the postcontraction rates of perfusion and oxygen consumption are well matched, causing the blood %HHb level to return to precontraction values at an intensity-independent rate.
ASL Observation of the Perfusion Responses During Muscle Contraction
In most subjects, there were no detectable changes in perfusion during contraction. The finding that the postcontraction Q rel values increased acts as a positive control for the sensitivity of the ASL method. Experimental data (26, 54) and theoretical predictions (42, 61, 62) indicate the existence of intramuscular fluid pressures during isometric contractions great enough to restrict arterial inflow to the muscle. The absence of a significant contraction-induced increase in Q rel is consistent with these predictions. Also in support of this conclusion, contraction intensity-dependent decreases in perfusion during sustained isometric contractions were reported by Byström and Kilbom (9).
SAGE-MRI Observation of the Metabolic Responses During Muscle Contraction
Contraction-induced changes in relaxation rates. The transverse relaxation time constant (T 2 ϵ 1/R 2 ) changes during and after muscle contraction (7) . In contraction protocols similar to the one used presently, a temporally complex pattern of T 2 or T 2 -weighted signal intensity responses has been observed, with an initial rise in the T 2 or T 2 -weighted signal, a dip near or below the baseline value, and then a secondary rise in the T 2 or T 2 -weighted signal (1, 13, 16) . Since T 2 is the reciprocal of R 2 , the R 2 responses observed presently correspond well to these T 2 responses. T 2 changes reflect the superposition of osmotically induced water content changes (20, 45, 47) , pH changes (14, 22, 36) , and BOLD phenomena (12, 13) . Since the muscle was in a perfusion-restricted state during contraction, it is likely that pH changes and BOLD phenomena were the principle effectors of the R 2 changes. A complication in interpreting the R 2 * data is that the factors that change R 2 equally affect R 2 *. Thus, in prolonged contraction during which R 2 changes, R 2 * changes do not exclusively represent BOLD phenomena. However, the strong relationship between R 2 = and %HHb in exercising muscle allows for the use of an empirical R 2 =-%HHb calibration (18) .
Contraction-induced changes in %HHb. Because perfusion was restricted during these contractions, the on-kinetics of %HHb in this study also reflect the on-kinetics for oxygen consumption. Time delays prior to the first observation of deoxygenation of the venous blood following the onset of exercise are typically observed (46) . In the present study, the times to attain 63% of the final %HHb level (the mean response time or MRT) are similar to those observed using near-infrared spectroscopy (NIRS) for sustained isometric contractions at 30% MVC (12) .
We did not observe a contraction intensity dependence to the %HHb time delay and time constant. Previously, we observed that the time delay and time constant for %HHb were smaller for 60% MVC contractions than for 30% contractions (12) . This apparent discrepancy may have resulted from the different methods of observation (NIRS vs. MRI) or the more similar contraction intensities used presently. Regarding the end-exercise %HHb values, these values were similar by contraction intensity. Given the expected linear dependence of oxygen consumption on exercise intensity (40) , this finding was unexpected. However, it is noted that a similar result was reported for 90-s sustained isometric contractions (12) and for an intermittent isometric exercise protocol with contraction intensities ranging from 20 to 80% MVC (10) .
Temporal and spatial variations in muscle oxygen use during contractions have been reported previously. In rat gastrocnemius muscle, the deoxygenation response at the onset of electrically induced contractions is slower in deep muscle regions than in superficial regions, implying a better matching of the increase in O 2 delivery to O 2 demand in the deep region (33) . This metabolic heterogeneity may have resulted from the greater percentage of slow oxidative fibers in the deep compartment of this muscle in the rat. A recent study of human subjects performing heavy-intensity cycling exercise reported slower deoxygenation kinetics in the deep portion of the rectus femoris muscle than in the superficial portion of the muscle (32) . In preliminary analyses, we examined the possibility of intercompartmental differences in Q rel and %HHb, but we did not observe such effects. 20 and 40% MVC, respectively. The 95% confidence intervals are given in parentheses. Parameters correspond to a form of Eq. 4 modified to reflect V O2 rather than %HHb kinetics. The exponential rate constant reflecting the rate at which R2= recovers following the contraction is represented by kPost, whereas the end-recovery value for the relative change in V O2 is indicated by the subscript Rec.
Integrated View of the Postcontraction Responses
With regard to the aims of the study, the three principal events of interest during the postcontraction period were the recoveries of Q rel , S 0 , and %HHb. The Q rel data indicate a slowly evolving increase in perfusion following contraction, followed by a recovery to precontraction values. The ϳ20% larger integrated postcontraction Q rel response observed for 40% MVC contractions than for 20% MVC contractions is similar to the reported ϳ40% larger integrated postcontraction perfusion response for 40% MVC contractions than for 20% MVC contractions (9) . The time course for Q rel recovery also matches that reported previously in animal models (44) and human studies (9) , at least within the limits created by the sampling frequency in those studies and other methodological variations.
The S 0 data followed a similar time course to Q rel , but unlike Q rel , S 0 does not have a clear physiological interpretation. In general, S 0 changes for SAGE will reflect all contributions to signal change other than R 2 or R 2 * changes. These may include an apparent shortening of the whole tissue longitudinal relaxation time constant (T 1 ) by perfusion (17) , shortening of the blood T 1 by the elevated %HHb (37, 57) , or proton density changes due to vasodilation or the restored access of the intracellular space to an essentially infinite reservoir of fluid. Our goal in this study was simply to model S 0 and to remove the confounding effects of T 1 and proton density changes on estimating R 2 , R 2 *, and R 2 =.
The %HHb values observed in the first postcontraction time point were larger than those observed at the end of contraction (Figs. 3 and 4 and Table 4 ). After a further time delay, %HHb recovered to its precontraction value according to an exponential decay function. The immediate postcontraction increase in %HHb and the time delay prior to %HHb recovery are consistent with an elevated oxygen extraction contribution to V O 2 in the presence of the stillincreasing rate of perfusion. Another consideration is that skeletal muscle BOLD contrast at 3T relies primarily on intravascular BOLD relaxation mechanisms (41, 50, 60) ; therefore, the %HHb data reflect the primary location of the blood volume in the venous circulation. Thus, an alternative or additional contribution to the initial time delay may be the transit time from the microcirculation (the primary site of oxygen exchange) to the veins (the primary site of observation of BOLD phenomena) following flow restoration. Such a transit time delay has been observed following reactive hyperemia in humans (19) . NIRS data indicate an immediate recovery of oxyhemoglobin saturation (%HbO 2 ) following prolonged contractions in humans (18, 39) , and microvascular PO 2 recovers rapidly following a prolonged bout of contractions in the rat spinotrapezius muscle (11, 27) . These findings are consistent with the notion of a transit time delay to the MRI data.
Regardless of the cause of the initial time delay for observing %HHb recovery, once flow is restored, the %HHb recovery rate is much slower than the rate at which %HHb extraction increases during contraction (Table 4) . Copp et al. (11) observed similar asymmetry in the rat spinotrapezius exercise model. In addition, the V O 2 on-and off-kinetics also differed, with k Con being greater than k Post (Tables 4 and 5 ). Finally, the data in Fig. 4 and Table 5 indicate a preservation of %HHb kinetics across these contraction intensities. This is caused presumably by a strict matching of the perfusion rate to oxygen demand, which is controlled at least in part by variations in nitric oxide availability (27) .
Limitations
Relative quantification of perfusion and oxygen consumption. Although quantitative models for ASL are used to estimate perfusion in physical units, we elected not to apply them in this study. The primary emphasis of this work was on examining the magnitude and on-and off-kinetics of the relative changes in perfusion, oxygen extraction, and oxygen consumption during and after contraction. The use of Q rel was determined to be the most direct and simple way to address these scientific aims while obviating additional assumptions and reducing the error propagation that would result from additional measurements.
Temporal resolution. As discussed, we did not observe contraction intensity-dependent differences in %HHb on-kinetics [as we did for 30% vs. 60% MVC contractions in a previous NIRS study (12) ]. This discrepancy may relate to the lower and more similar contraction intensities tested in this study or the more limited time resolution of SAGE vs. NIRS. The time resolution is further limited by the need to acquire control label pairs in ASL and by the muscle shortening/lengthening artifacts at the beginning and end of contraction.
Conclusions
During sustained isometric contractions of 20 and 40% MVC in humans, the on-kinetics for muscle oxygen consumption are independent of the contraction intensity. This conclusion is consistent with the predictions of a first-order kinetic control model and is similar to those made from studying isolated myocytes (31) . Unlike the findings from isolated myocytes, however, it was observed that the off-kinetics for muscle oxygen consumption in vivo are considerably slower than the on-kinetics. Also, during the initial seconds of the recovery from perfusion-restricted contractions, the ratio of oxygen consumption to blood perfusion increases. This initial mismatch of oxygen supply to oxygen demand requires enhanced blood oxygen extraction to meet the oxygen demands of recovery. However, once postcontraction perfusion is fully reestablished, the rates of muscle oxygen consumption and perfusion are well matched. The effect of this matching is to produce a rapid recovery of blood %HbO 2 , at a rate independent of the contraction intensities tested presently, that progressively restores the diffusion gradient for oxygen from the blood to the myocytes. Finally, this work presents a novel framework for noninvasively investigating the coupling between flow and metabolism in a specific region of interest, using techniques widely available to MRI centers using standardly available or published (SAGE) methods. This framework can be readily adapted to a variety of exercise and experimental conditions to study various systems in both human subjects and animal models.
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